A numerical investigation to simulate the cleaning effects of successive flushes over sediment beds in prismatic channels is presented in this paper. The 1D De Saint Venant-Exner equations were used to describe the temporal evolution of the sediment bed after each flush. The predictive capacity of two sediment transport formulae was explored against experimental results from laboratory tests.
INTRODUCTION
The sediment accumulation in sewer systems can cause operational problems associated with the reduction of insewer hydraulic capacity. The prevention of sediment accumulation in sewers is then imperative.
In recent decades, researchers have explored the circumstances under which sewer systems can operate subject to self-cleansing conditions (e.g. Butler et al. ; Ashley et al. ) . Also, many authors have investigated sediment deposition patterns in sewers using both experimental and modelling approaches (Ashley et al. ; Shirazi ) .
A number of models has been developed over the years to account for sediments in sewer systems. Some of them are implemented in commercial software packages that are commonly used today by researchers and practitioners to evaluate the potential interactions between the flow and the sediments in sewers. Comparison with field observation (Mark et al. ; Gérard & Chocat ; Schlütter ) shows that, subject to adequate calibration, such models can provide sufficient information on the effects of the presence of sediments in pipes at the scale of the whole sewer network (e.g. to evaluate trunk sections susceptible to erosion/deposition).
However, when the aim of the analysis is the simulation of the sediment transport associated with the specific hydraulic processes occurring in sewer channels, more appropriate models with the ability to describe the interactions between the flow and the mobile sediment bed at the proper spatial and temporal scales are required. In this connection, recently, great emphasis has been paid to the studies concerning methods for cleaning sewers from sediments based on the use of flushing devices. Experiments on the erosive effects of flushes on deposited sediment beds have been conducted under controlled (laboratory) and field (sewer system) conditions by various research groups (Campisano et al. ; Bertrand-Krajewski et al. ; Bong et al. ) . In parallel, researchers have started working on numerical models to evaluate the benefits of such methods. Early attempts in this direction (Shirazi et al. ) are based on the use of the well-known commercial package InfoWorks CS (a proprietary package from Innovyze, former developer: Wallingford) which adopts, among others, the Ackers formula (Ackers ) to simulate the sediment transport in sewer networks. More recently, the need to use specific models able to accurately simulate the non-stationary hydraulics of the flushing process (basically the rapidly-varied flow conditions due to the downstream propagation of the flushing surge along the pipe and the related effects on the sediments accumulated on the channel invert) has been recognised (Dettmar & Staufer ; Campisano et al. ) . An important issue in this context is the use of appropriate sediment transport formulae to predict the eroded sediment masses and the time evolution of the depth of the sediment layer over the channel invert. A new simulation programme was launched in 2011 to check the potential of two other sediment transport formulae to describe the sediment bed erosion associated with the flushing operation. First, the formula of Ackers () was adopted in order to test its suitability in commercial software package routines under rapidly varying flows over mobile beds. In addition, the formula of Wilson () was chosen for the simulations as it was originally developed for conditions of high shear stresses like the ones provoked by flushes in sewers. Simulation results were compared with experimental observations from the literature.
METHODS AND MATERIAL
Experimental data used Data from the laboratory experiments consisted of sediment bed heights h s measured along the flume at the end of each flush and were specifically used in this paper as a bench comparison of modelling results. Experiments showed the way the mobile bed scouring process evolves in terms of height of sediment bed, deposit advancement and length of the scoured section (distance between the gate and the upstream front end of the deposit) as the number of successive flushes increases.
The numerical model
The model adopted for the simulations was developed at the University of Catania and is based on the use of the fully dynamic 1D De Saint Venant-Exner equations for the analysis of unsteady flow processes in prismatic channels. The model has been previously validated against experimental data concerning sediment erosion due to flushing waves generated by in-line flushing gates under field and laboratory-controlled experiments (Campisano et al. ) . Also, additional validation tests have been recently conducted by the same authors to simulate unsteady flow conditions determined by sediment aggradation in drainage channels (Campisano et al. ) . Assuming the channel to have no lateral inflows and outflows, the following form of the equations is used by the model:
in which U (dependent variable vector), F(U) (flux vector), and D(U) (source term vector) can be written as follows: The numerical scheme of McCormack (Garcia-Navarro & Saviron ) is implemented in the model for the solution of the vector Equation (1). The McCormack scheme is used as it is shock capturing and thus it is suitable for modelling the flow discontinuities associated with the propagation of the flushing waves over mobile beds. In order to reduce the numerical oscillations that may occur in correspondence to the large gradients in flow variables, a procedure based on the implementation of a total variation diminishing step (Garcia-Navarro et al. ) is coupled to the McCormack scheme. With reference to the simulated local flow conditions, boundary constraints were imposed at the upstream and downstream flume ends. In particular, an inflow hydrograph Q(t) ¼ 0 was prescribed at the upstream boundary (flume entrance section) whereas the critical condition was fixed (under subcritical flows) at the downstream boundary (flume free outfall). The method of the characteristics (Garcia-Navarro & Saviron ) was finally implemented to evaluate the water level at the two domain boundaries.
In order to estimate the volumetric sediment discharge Q s , the use of a sediment transport equation to be coupled to Equation (1) is imperative. Two formulae are tested here to simulate transport/deposition processes associated with the flushing operation in channels. Firstly, the potential of the Ackers formula (Ackers ) was explored, also in consideration that such a relationship is implemented in commercial software packages for urban drainage simulation. Moreover, the well-known formula by Wilson (Wilson ) was adopted as this formula was originally obtained under bed-load transport generated by high flow shear stresses, which is a typical condition of flushing processes. Also, the Wilson formula shows a structure similar to other literature formulae which have been widely used for sewer sediment transport simulation (BertrandKrajewski et al. ).
The two selected formulae do not allow for taking into account cohesive properties of the sewer sediments, being basically developed for granular sediments. Thus, their application results are appropriate for stormwater networks and also for pipes with sediment beds characterised by a low organic matter content (Ashley et al. ).
The Ackers formula
The Ackers formula (Ackers ) is a total load sediment transport equation to calculate sediment erosion and deposition in sewer systems, which is based on an earlier version developed by the same author for river systems (Ackers ). The Ackers formula includes a revised resistance term and updated coefficients (to account for the cross-sectional shape of flows found in pipes). By means of this formula, the non-dimensional sediment concentration C * V [-] (that can be carried by the flow) is derived as expressed in Equation (3) (Ackers et al. ) 
For sediment concentrations in the flow less than C max , there is continuous sediment erosion from the bed until C max is reached. When sediment concentration in the flow exceeds C max , the excess sediment is deposited (Bouteligier et al. ) . As C max is calculated by the model, the sediment discharge Q s is derived to solve Equations (1) and (2) for each temporal and spatial step of the simulation domain. The Ackers formula was evaluated for particle sizes in the range 0.04 mm < d 50 < 28.65 mm.
The Wilson formula (1966)
This equation is empirical and is based on the evaluation of the excess shear stress provided by the flow
where q
is the dimensionless bed-load transport rate per unit of channel width, τ is the critical Shields parameter. The Wilson formula was mostly utilized to fit to situations related to high bed-load transport rates due to high flow shear stresses. Garcia () indicates that this relation has been broadly employed to simulate the transport of materials such as sand and industrial debris in pressurized environments. Its applicability is aimed at multi-grain-size bed-load transport in gravel-bed streams, although it is often utilized as a single-grain-size function (US Army Corps of Engineers ). The formula was originally evaluated for particle sizes in the range 0.67 mm < d 50 < 3.94 mm (Nnadi & Wilson ) .
RESULTS AND DISCUSSION
The results of the model simulations concerning the evolution of the mobile bed subsequent to a number of successive flushes were compared to the laboratory measurements. The capability of the numerical model to reproduce the sediment heights along the channel was specifically analysed using the two sediment transport equations implemented in the model. A comparison for S 0 ¼ 1.5‰ and for flushes characterized by h up ¼ 0.12 m is presented in the two graphs of Figure 2 for the bed configurations after flushes n. 20 and n. 40, respectively. Due to the small head of the flush, the rate of erosion was observed to be relatively small with slow bed advancement (about 2 cm/ flush). Also, the figure shows the model's ability to globally reproduce the downstream advancement of the bed front and the overall shape of the deposit at the end of 20 and 40 flushes, respectively. Specifically, the Ackers and Wilson formulae were observed to substantially fit the upstream and the downstream deposit bed fronts, respectively.
Similar results are found also for simulations (slope S 0 ¼ 1.5‰) concerning the behaviour of flushes characterized by h up ¼ 0.40 m. Some of these results are plotted in Figure 3 for the bed configurations after flushes n. 5 and n. 10, respectively. As expected, the figure shows that the cleaning performance of the flush with higher initial energy is much more evident. In particular, the bed deposit front was observed to advance at a rate close to 25 cm/flush (on average). Experiments also demonstrated the generation of bed forms of limited depth over the mobile bed. Concerning the simulation results, the two adopted formulae reveal increased differences with the Ackers relationship showing a slight underestimation of the erosion processes. However, experimental measurements again lay between the model results simulated with the two formulae, with the Ackers formula having a better fit in the upstream part of the deposit and a reduced capability to describe the deposition patterns downstream.
However, the two formulae perform differently when the results concerning the invert slope value S 0 ¼ 3.0‰ are analyzed (Figure 4) . Globally, the results show that bed elevations and cleaned lengths estimated with the Wilson formula fit adequately with the experimental data with good reproduction of the effects of successive flushes on the mobile bed sediment entrainment and transport (cleaning rate of about 30 cm/flush). In contrast, the formula of Ackers generally provided unsatisfactory results due to evident underestimation of the sediment transport.
Simulation findings point out reduced differences between the two formulae when shear stresses generated by the flushes and invert slopes are relatively modest and the total volume of flushed sediment is low. Increased differences between the two formulae for the higher shear stresses and invert slope can be attributed to the underestimation of Table 1 confirm in a quantitative way such comparative results.
Also, the comparison among all the formulae adopted in the present paper and in Campisano et al. () points out that the modelling of sediment bed erosion due to flushing operations requires the use of sediment transport formulae specifically developed for high shear stress conditions.
CONCLUSIONS
The results of the application of a numerical model to simulate the cleaning effects of flushes over sediment beds in prismatic channels were presented in this paper. The model uses the 1D De Saint Venant-Exner equations to describe the temporal evolution of the sediment bed after successive flushes. Two well-known empirical formulae from literature were coupled to the model to evaluate the sediment transport rate, namely the Ackers (Ackers ) and the Wilson (Nnadi & Wilson ) formulae. The results of the simulations were compared against results of previous experiments conducted in a laboratory flume under different test conditions (different slope of the flume invert and dissimilar hydraulic conditions for the flush).
Globally, the numerical results with the utilized model allowed for a satisfactory description of the scouring processes subsequent to the flushes. However, the two sediment transport formulae were observed to behave differently depending on the channel invert slope and on the flush energy. The results from both formulae were appropriate to describe the effects on the sediment bed determined by low water head flushes. However, the Wilson formula was observed to fit well for all the examined cases, except for a small overestimation of the sediment transport in the case of the smallest examined flume slope. In contrast, simulations carried out with the Ackers relationship pointed out evident underestimation of sediment erosion and transport with increasing differences with respect to observed values as the flume invert slope increased.
The comparison among all the formulae adopted in the present paper and in Campisano et al. () reveals that the modelling of sediment bed erosion due to flushing operations requires the use of sediment transport formulae specifically developed for high shear stress conditions.
The results obtained can contribute to the setup of appropriate models for the prediction of the potential cleaning effects of flushing devices in stormwater sewers. Future research is to be addressed to the experimental analysis of the effects of flushing waves in cross-sections with different distribution of the bed shear stresses along the wetted perimeter (circular, egg-shaped pipes). Looking forward to such new specific experimental observations, the results presented in this paper for rectangular pipes may find preliminary application also for different channel crosssections. 
